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dielectric constant of the protective film is defined as €, and
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on the side surface of the step is defined as d (um), (€, h)/d is
4 or more, and €./d is 3 (1/um) or more.
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1
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a vertical semiconductor
device having a field plate structure, particularly character-
ized by the thickness of the protective film in the field plate
structure and the depth of the step.

2. Background Art

Semiconductor devices such as diode or FET can be clas-
sified into two types by its structure: a vertical type which
establishes electrical continuity in a direction perpendicular
to the main surface and a horizontal type which establishes
electrical continuity in a direction parallel to the main surface.
The vertical type has more advantages such as high break-
down voltage or improved area efficiency than the horizontal
type. In the vertical semiconductor device having a pn junc-
tion structure, a pn junction interface is exposed on the side
surface of the step. When a reverse voltage is applied, a large
electric field is concentrated at the end of this pn junction
interface, causing a problem that the breakdown voltage of
the semiconductor device does not reach the design value.
Therefore, the concentration of the electric field at the end of
the pn junction interface is decreased by employing a field
plate structure. In this case, the field plate structure comprises
a protective film which covers the side surface and the bottom
surface of the step and a field plate electrode which covers the
side surface and the bottom surface of the step via the protec-
tive film.

Non-patent Document 1 discloses a vertical pn diode
formed of Group Il nitride semiconductor having a field plate
structure.

Patent Document 1 discloses a vertical MOSFET formed
of'SiC having a field plate structure. In this patent application,
the depth and the breakdown voltage of the step are not
particularly considered.

Patent Document 1: Japanese Patent Application Laid-Open

(kokai) No. 2012-19188
Non-patent Document 1: Kazuki Nomoto et al., Phys. Status

Solidi A 208, No. 7, 1535-1537 (2011)

However, the field plate structure suitable for high break-
down voltage, e.g. the thickness of the protective film or the
depth of the step is not deeply considered in Non-patent
Document 1 and Patent Document 1. Just employing the field
plate structure is not enough to achieve a high breakdown
voltage performance as designed.

SUMMARY OF THE INVENTION

In view of the foregoing, an object of the present invention
is to improve breakdown voltage performance of a vertical
semiconductor device having a field plate structure.

In a first aspect of the present invention, there is provided a
vertical semiconductor device having a pn junction structure,
a step (formed by a mesa and a step) disposed at an outer
circumference of the device, and a pn junction interface
exposed on a side surface of the step, wherein a dielectric
protective film is formed so as to continuously cover a side
surface and a bottom surface of the step, a field plate electrode
is formed so as to continuously cover the side surface and the
bottom surface of the step via the protective film, and when a
distance from the pn junction interface to the surface of the
protective film at the bottom of the step is defined as h (um),
and the dielectric constant of the protective film is defined as
€., the thickness of the protective film at the pn junction
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interface on the side surface of the step is as d (um), (€,-h)/d
is 4 or more, and €/d is 3 (1/um) or more.

(E,-h)/d and €/d are the indices introduced by the inven-
tors to evaluate the breakdown voltage of the device. This
allows accurate evaluation of the device breakdown voltage.
When (€,h)/d is 4 or more, and €/d is 3 (1 um) or more, a
high breakdown voltage performance as designed can be
achieved. More preferably, (€h)/d is 4 or more, and € /d is
4 (1/um) or more. Further preferably, (€,-h)/d is 5 or more,
and €/d is 10 (1/um) or more. The upper limits of (€,h)/d
and € /d may be within a range that the semiconductor device
can perform its function. Also desirable range of the distance
h is larger than O um and not less than 1 mm. And desirable
range ofthe thickness d is 0.005 um to 1 mm. More preferably
his from 0.0025 um to 100 um. And the thickness d is 0.01 pm
to 100 pm.

The protective film may comprise a single layer or a plu-
rality of layers. In case of a single layer, SiN_, Al,O;, HfO,,
Zr0O,, AIN, HfON, ZrON, and others may be used. In case of
a plurality of layers, Al,0,/810,, SiO,/ZrO,, SiO,/Al, O,
Si0,/HfO,, SiO,/ZrON, SiN/SiO,, Al,0,/Zr0,, SiN/SiO,/
Zr0,, Si0,/Al,O,/HfO,, and others may be used. When a
high dielectric constant material such as HfO, is used as the
protective film, the thickness of the protective film can be
reduced. As a result, the depth of the step can be reduced, and
the time taken to form the step can be shortened. When the
protective film comprises a plurality of layers, the thickness d
is the total thickness of those layers, and €s is an effective
dielectric constant.

The protective film preferably has a smaller thickness at the
pnjunction interface on the side surface of the step than at the
bottom of the step. The smaller the thickness of the protective
film at the pn junction interface on the side surface of the step,
the higher the effect of reducing the concentration of the
electric field at the pn junction interface on the side surface of
the step.

The bottom edge of the step is preferably rounded. When
the edge is rounded, the concentration of the electric field at
the edge is reduced, thereby improving the breakdown volt-
age. Similarly, the top edge of the step is preferably rounded.
The termination structure (step) is a structure in which a side
surface and a bottom surface of the semiconductor layer are
exposed by atrench or a mesa at the device end, e.g. a step or
a device isolation trench. Accordingly, the step includes a
trench which has two steps on the both side and a bottom
surface. The trench may include a plurality of trench.

Al, Ni, Au, TiN, or polysilicon may be used as the field
plate electrode. Particularly, a material superior in adhesion
with the protective film is preferably used. For example, Al is
used for SiO,.

In the present invention, the pn junction includes a struc-
ture having other layer structure between the p-layer and the
n-layer as well as a structure in which the p-type conductive
p-layer is in direct contact with the n-type conductive n-layer.
For example, a structure having an i-layer formed of intrinsic
semiconductor between the p-layer and the n-layer is also
referred to as the pn junction in the present invention. Also a
slightly doped n-layer or p-layer may be existed between the
p-layer and the n-layer. In those cases, distance h is defined
with an interface between the p-layer and other layer as a pn
junction interface. When a plurality of pn junction interfaces
are exposed on the side surface of the step, the interface from
which a depletion layer most expands from the p-layer to the
n-layer is defined as a datum.
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The semiconductor device of the present invention may be
formed of any semiconductor material, e.g. Group Il nitride
semiconductor such as GaN, AlGaN, and InGaN, Group I1I-V
semiconductor such as GaAs or GaP, Group IV semiconduc-
tor such as Si and SiC, Group II-VI semiconductor such as
Zn0, and organic semiconductor.

The present invention can be applied to a semiconductor
device having a pn junction and any structure in which the pn
junction interface is exposed on the side surface of the mesa,
e.g. pn diode, PIN diode, FET, bipolar transistor, and others.

A second aspect of the present invention is drawn to a
specific embodiment of the vertical semiconductor device
according to the first aspect of the invention, wherein h/d is
0.5 or more.

h/d is the index introduced by the inventors to evaluate the
breakdown voltage of the device, thereby evaluating the dis-
tance h and the thickness d of the protective film required to
improve the breakdown voltage. When this index h/d is 0.5 or
more, a high breakdown voltage performance as designed can
be achieved. More preferably, 0.5<h/d<3, and further prefer-
ably, 1<h/d=<2.

A third aspect of the present invention is drawn to a specific
embodiment of the vertical semiconductor device according
to the first or second aspect of the invention, wherein an angle
between the bottom surface of the step and the side surface of
the step is 70° to 90°.

A fourth aspect of the present invention is drawn to a
specific embodiment of the vertical semiconductor device
according to the first to third aspects of the invention, wherein
the bottom edge of the step is rounded.

A fifth aspect of the present invention is drawn to a specific
embodiment of the vertical semiconductor device according
to the first to fourth aspects of the invention, wherein the
thickness of the protective film at the pn junction interface on
the side surface of the step is smaller than that at the bottom
surface of the step.

A sixth aspect of the present invention is drawn to a specific
embodiment of the vertical semiconductor device according
to the first to fifth aspects of the invention, wherein the semi-
conductor device is formed of Group 11 nitride semiconduc-
tor.

A seventh aspect of the present invention is drawn to a
specific embodiment of the vertical semiconductor device
according to the first to sixth aspects of the invention, wherein
the semiconductor device is a pn diode.

An eighth aspect of the present invention is drawn to a
specific embodiment of the vertical semiconductor device
according to the first to sixth aspects of the invention, wherein
the semiconductor device is a vertical transistor.

According to the present invention, in the vicinity of the pn
junction interface exposed on the side surface of the step, a
sufficiently large electric field relaxing region cannot be
formed, and the concentration of the electric field is reduced,
thereby further improving the breakdown voltage.

According to the second aspect of the present invention, the
depth of the step and the thickness of the protective film can
be appropriately set, thereby achieving a high breakdown
voltage performance.

According to the third aspect of the present invention, the
breakdown voltage can be further improved.

According to the fourth aspect of the present invention, the
concentration of the electric field at the bottom edge of the
step can be reduced, thereby further improving the break-
down voltage.

As in the fifth aspect of the present invention, the break-
down voltage of the device can be further improved by chang-
ing the thickness of the protective film at forming locations.
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BRIEF DESCRIPTION OF THE DRAWINGS

Various other objects, features, and many of the attendant
advantages of the present invention will be readily appreci-
ated as the same becomes better understood with reference to
the following detailed description of the preferred embodi-
ments when considered in connection with the accompanying
drawings, in which:

FIG. 1 shows the configuration of a vertical semiconductor
device according to Embodiment 1.

FIG. 2 is a graph showing the relationship between break-
down voltage and distance h.

FIG. 3 is a graph showing the relationship between break-
down voltage and (€,-h)/d.

FIG. 4 is an enlarged view of step 15.

FIG. 5 is a graph showing the relationship between break-
down voltage and €./d.

FIGS. 6A-6B illustrate the definition of distance h and
thickness d.

FIG. 7 shows the configuration of a vertical trench gate
MOSFET according to Embodiment 2.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Specific embodiments of the present invention will next be
described with reference to the drawings. However, the
present invention is not limited to the embodiments.

Embodiment 1

FIG. 1 shows the configuration of a vertical diode accord-
ing to Embodiment 1. The vertical diode according to
Embodiment 1 comprises a substrate 10, an n-layer 11 dis-
posed on the substrate 10, and a p-layer 12 disposed on the
n-layer 11 as shown in FIG. 1. An n-electrode 13 is formed in
contact with the substrate 10 on the surface opposite the
surface of the substrate 10 on which the p-layer 11 is formed,
and a p-electrode 14 is formed on a portion of the p-layer 12.
The vertical diode according to Embodiment 1 has a field
plate structure comprising a protective film 16 and a field
plate electrode 17. The vertical diode according to Embodi-
ment 1 is a circle in plan view, whose diameter is 200 um. The
shape in plan view is not limited to a circle, and may be a
rectangle. In case of a rectangle, the corners are preferably
rounded, thereby improving the breakdown voltage perfor-
mance.

The substrate 10 comprises n-GaN. A substrate of any
material other than n-GaN may be used, which has conduc-
tivity and is used as a Group III nitride semiconductor growth
substrate. For example, ZnO or Si may be used. However,
preferably a GaN substrate is used as in the present Embodi-
ment in terms of lattice matching.

Then-layer 11 comprises n"-GaN, and the p-layer 12 com-
prises p*-GaN. The n-layer 11 and the p-layer 12 may com-
prise a plurality of layers having different impurity concen-
trations. The n-layer 11 and the p-layer 12 may comprise a
plurality of Group III nitride semiconductor layers having
different compositional ratios. Other layer may be formed
between the n-layer 11 and the p-layer 12, e.g. an i-layer
having an intrinsic conductivity.

The n-type impurity concentration of the n-layer 11 is
preferably 1/1000 or less than the p-type impurity concentra-
tion of the p-layer 12. A depletion layer extends from a pn
junction interface 19 between the n-layer 11 and the p-layer
12, thereby reducing the influence of the structure of the
n-layer 11 and the p-layer 12 on the breakdown voltage per-
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formance. This facilitates high breakdown voltage design of
the vertical diode according to Embodiment 1.

The n-electrode 13 comprises Ti/Al, and the p-electrode 14
comprises Ni/Au. Here, ““/”” means that layers are deposited.
A/B means that layer B is formed after layer A was formed.
Hereinafter, the same is applied in the description of material.
The n-electrode 13 is preferably formed of a material that
makes an ohmic contact with an n-type Group III nitride
semiconductor. For example, Ti/Al/Ni/Au, TiN/Al, and
Pd/Ti/Al may be used. The p-electrode 14 is preferably
formed of a material that makes an ohmic contact with a
p-type Group Il nitride semiconductor. A material such as
Pd/Au and Co/Au may be used.

A step 15, i.e., deep trench isolation, is formed along the
periphery of the device which is formed mesa. The step 15 is
formed so as to have a depth extending from the surface of the
p-layer 12 (the surface on which the p-electrode 14 is formed)
to the n-layer 11. Therefore, an end portion 19a of the pn
junction interface 19 between the p-layer 12 and the n-layer
11 is exposed on the side surface 15a of the step 15. The side
surface 15a of the step 15 may be perpendicular to or at an
angle to the bottom surface 155 of the step 15. When it is
angled, i.e., the side surface 154 is inclined, the electric field
strength of the side surface 15a is reduced, thereby improving
the breakdown voltage. The side surface 154 of the step 15 is
preferably inclined by 70° to 90° with respect to the bottom
surface 155 of the step 15.

The bottom edge 15¢ of the step 15 (a boundary between
the side surface 154 and the bottom surface 1556 of the step 15)
is preferably rounded as shown FIG. 4. Such rounding of the
edge 15¢ can reduce the concentration of the electric field at
the edge, thereby improving the breakdown voltage. The
bottom edge 15¢ of the step 15 can be rounded by controlling
the dry etching conditions when forming the step 15. When
rounding the edge 15¢, the radius of curvature is preferably
0.01 um or more. Similarly, the top edge 154 of the step 15 (a
boundary between the side surface 15a of the step 15 and the
p-layer 12) is preferably rounded.

The protective film 16 constituting a field plate structure is
formed so as to continuously cover the bottom surface 155
and the side surface 15a of the step 15. Moreover, the protec-
tive film 16 is also formed at a portion in the vicinity of the
side surface 154 of the step 15 on the surface of the p-layer 12
(the surface in contact with the p-electrode 14). The protec-
tive film 16 is not necessarily formed on the surface of the
p-layer 12 as long as it is formed so as to continuously cover
the bottom surface 155 and the side surface 15a of the step 15.

The protective film 16 may comprise a plurality of layers or
a single layer. In case of a single layer, for example, SiN_,
Al O,, HfO,, ZrO,, AIN, HfON, ZrON may be used. In case
of'a plurality of layers, for example, Al,0,/S10,, Si0,/Zr0O,,
Si0,/ZrON, Si0,/Al,0;, SiO,/HfO,, SiN/SiO,, Al,O,/
Zr0,, SiN/Si0,/Zr0,, and SiO,/Al,O,/HfO, may be used.
When a high dielectric constant material such as HfO, is used
as the protective film 16, the thickness of the protective film
16 can be reduced, resulting in reducing the depth of the step
15 can be reduced. This can shorten the time taken to form the
step 15, and reduce the difficulty of forming the step 15.

The protective film 16 may have different thickness at the
side surface 154 (thickness in a direction perpendicular to the
side surface 15a at the side surface 154) and the bottom
surface 154 (thickness in a direction perpendicular to the
bottom surface 155 at the bottom surface 154). Particularly
preferably, as shown in FIG. 4, the thickness of the protective
film 16 is smaller at the side surface 15a and larger at the
bottom surface 155. The smaller the thickness of the protec-
tive film 16 at the side surface 15« is, the higher the break-
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down voltage. The thickness of the protective film 16 at the
bottom surface 155 is preferably larger to reduce the concen-
tration of the electric field at an end portion 17a of the field
plate electrode 17 formed via the protective film 16 on the
bottom surface 155. Therefore, the protective film 16 is pref-
erably formed so as to have a smaller thickness at the side
surface 154 than that at the bottom surface 155. The dielectric
constant of the whole protective film 16 can be adjusted by
forming the protective film comprising a plurality of layers,
thereby facilitating the design to achieve a desired breakdown
voltage.

The field plate electrode 17 constituting the field plate
structure is formed via the protective film 16 so as to continu-
ously cover the bottom surface 155 and the side surface 15a of
the step 15, and the surface of the p-layer 12. Moreover, the
field plate electrode 17 is also formed so as to continuously
cover the surface of the p-layer 12 where the protective film
16 is not formed, and the surface of the p-electrode 14, thus
the field plate electrode 17 and the p-clectrode 14 are con-
nected. The end portion 17a of the field plate electrode 17 is
disposed via the protective film 16 on the bottom surface 155
of'the step 15.

Since the field plate structure comprises the protective film
16 and the field plate electrode 17, a reverse voltage is also
applied to the field plate electrode 17 connected to the p-elec-
trode 15 when a reverse voltage is applied to the n-electrode
14 and the p-electrode 15, thereby a depletion layer is formed
in the n-layer 11 in the vicinity of the side surface 15a and the
bottom surface 156 of the step 15. Such field plate structure
can improve the breakdown voltage.

The field plate electrode 17 comprises Al and has a thick-
ness of 700 nm. The field plate electrode 17 may be formed of
any material having a conductivity and a good adhesion with
the protective film 16. Ni, Au, TiN, or polysilicon may be used
other than Al. The field plate electrode 17 is disposed in
contact with the surface of the p-layer 12 on a portion of the
exposed p-layer 12 where the protective film 16 and the
p-electrode 14 are not formed. However, a portion of the
p-layer 12 may not be exposed by covering the surface of the
p-layer 12 with the protective film 16 or the p-electrode 14 so
that the field plate electrode 17 is not directly contact with the
surface of the p-layer 12. The field plate electrode 17 may
have different thickness at forming locations. For example,
the thickness of the field electrode 17 may be different at the
side surface 154 and the bottom surface 155.

In the vertical diode according to Embodiment 1, when the
relative permittivity (hereinafter “dielectric constant™) of the
protective film 16 is defined as €, the thickness at the pn
junction interface 19a on the side surface 154a of the step 15
(the shortest distance from the pn junction interface 194 on
the side surface 154 of the step 15 to the surface of the
protective film 16) is defined as d (um), and the distance from
the surface 164 (the surface opposite the n-layer 12 exposed
onthebottom surface 155 of the step 15) of the protective film
16 on the bottom surface 155 of the step 15 to the pn junction
interface 19 (the distance in a direction perpendicular to the
pn junction interface 19) is defined as h (um), the step 15 and
the field plate structure are formed so as to satisty (E,h)/d=4
and €/d=3. Here, when the protective film 16 is formed of a
plurality of layers, the thickness d is the total thickness of
those layers, and € is an effective dielectric constant. When
the field plate structure is formed so that €, d, and h satisfy
the above conditions, the vertical diode according to Embodi-
ment 1 can achieve a high breakdown voltage performance as
designed. Moreover, a predetermined breakdown voltage can
be obtained by setting the correlation index € /d between the
dielectric constant €, and the thickness d as 3 or more. When
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the protective film 16 is too thick for the dielectric constant &,
of the protective film 16, the effect of reducing the concen-
tration of the electric field by the field plate structure is
decreased, and a predetermined breakdown voltage some-
times cannot be obtained. More preferably, (€,h)/d is 4 or
more, and €/d is 4 (1/um) or more. Further preferably,
(Es-h)/dis 5 ormore and € /d is 10 (1/um) or more. The upper
limit of (€,-h)/d and €/d may be set to any value within a
range that the semiconductor device can perform its function.

The thickness of the protective film 16 depends on the
material or the formation method of the protective film 16,
and the shape of the step 15, which is sometimes not constant.
In such a case, there is an ambiguity in defining the distance
h and the thickness d, which affects the evaluation of the
breakdown voltage. Therefore, in the present invention, the
distance h and the thickness d are defined as follows. The
thickness d is the shortest distance from the pn junction inter-
face 19a exposed on the side surface 15a of the step 15 to the
surface of the surface of the protective film 16. The thickness
d is not necessarily the thickness of the protective film 16 in a
direction perpendicular to the side surface 15a of the step 15.
The distance h is defined in the following three cases:

(1) When the thickness d,, of the protective film 16 at the
bottom surface 156 of the step 15 (the thickness in a direction
perpendicular to the bottom surface 155) is constant in the
vicinity of the side surface 154 of the step 15 (e.g. within a
distance of €/3 or less from the side surface 15a)

In this case, the distance obtained by subtracting the thick-
ness d,, of the protective film 16 at the bottom surface 155 of
the step 15 from the height h, between the bottom surface 156
and the pn junction interface 19 (the distance in a direction
perpendicular to the bottom surface 154) is defined as h (refer
to FIG. 1).

(2) When the thickness of the protective film 16 at the
bottom surface 155 of the step 15 in the vicinity of the side
surface 15a of the step 15 of the protective film 16 is smaller
as getting closer to the side surface 15a of the step 15 (refer to
FIG. 6A).

In this case, the distance obtained by subtracting the small-
est thickness d, of the protective film 16 at the bottom surface
155 of the step 15 in the vicinity of the side surface 15a of the
step 15 of the protective film 16 from the height h, between
the bottom surface 155 and the pn junction interface 19 is
defined as h (refer to FIG. 6A).

(3) When the thickness of the protective film 16 at the
bottom surface 155 of the step 15 in the vicinity of the side
surface 154 of the step 15 of the protective film 16 is larger as
getting closer to the side surface 154a of the step 15 (refer to
FIG. 6B).

In this case, the surface of the protective film 16 in which
the distance from the pn junction interface 194 exposed on the
side surface 15a of the step 15 is €/3 is defined as 16a, the
thickness ofthe protective film 16 at the surface 164 is defined
as d,. The distance obtained by subtracting the thickness d,,
from the height h, between the bottom surface 155 and the pn
junction interface 19 is defined as h (refer to FIG. 6B).

The distance h and the thickness d are set so as to satisfy
h/d=0.5. When the distance h is small and does not satisfy
h/d=0.5, a sufficiently large electric field relaxing region can-
not be formed, thereby the breakdown voltage of the device is
not improved. When the distance h is large enough and sat-
isfies h/d>3, the effect of improving the breakdown voltage is
saturated. Moreover, it takes time to form the step 15 or the
difficulty of forming the step 15 is increased. Therefore, pref-
erably, 0.5<h/d<3, and further preferably, 1<h/d<2.
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[Experimental Data]

Next will be described the experimental data supporting
that a high breakdown voltage performance is achieved by
satistying (€,-h)/d=4, and €/d=3.

With the design value of the breakdown voltage set as
1200V, a plurality of samples having the following different
structures were manufactured and the breakdown voltage was
measured in the vertical diode according to Embodiment 1. In
each sample, the n-layer 11 has the same structure, a thickness
of 10 um, and a Si concentration of 1.6x10'%cm?>. The pro-
tective film 16 comprises SiO, whose dielectric constant is 4.
On the other hand, the structure ofthe p-layer 12 and the depth
of the step 15 are different in each sample. In the samples 1
and 2, the p-layer 12 is a single layer formed of p*-GaN
having a thickness of 0.25 um and a Mg concentration of
1x10*°/cm>. In the sample 1, the protective film 16 has a
thickness d 0f 400 nm, and in the sample 2, the protective film
16 has a thickness d of 600 nm. In the samples 3 to 6, the
p-layer 12 has a two-layer structure in which a p~ layer, and a
p* layer are sequentially deposited on the n-layer, the p~ layer
has a thickness of 0.5 um and a Mg concentration of 1x10"°/
cm®, and the p* layer has a thickness of 0.1 um and a Mg
concentration of 1x10?° cm®. The thickness d of the protec-
tive film 16 is set as 400 nm in the sample 3, 600 nm in the
sample 4, 800 nm in the sample 5, and 1200 nm in the sample
6. In the samples 2, 3, and 5, the breakdown voltage was
measured by varying the distance h.

FIG. 2 is a graph showing the dependency of the break-
down voltage on the distance h in the above samples. When
the distance h is negative, the surface 16a of the protective
film 16 is in a higher position than the pn junction interface 19
(when the surface 16a of the protective film 16 is positioned
on the p-layer 12 side of the pn junction interface 19). It is
observed that the breakdown voltage of the sample 3
increases in almost direct proportion to the distance h. In the
sample 5 as well, the breakdown voltage increases in almost
direct proportion to the distance h. However, the inclination
of'increase in the breakdown voltage is different between the
samples 3 and 5. This inclination difference is thought to be
due to the thickness d of the protective film 16. The protective
film 16 is formed of the same material, SiO, in each sample.
However, when the protective film 16 is formed of a material
with a different dielectric constant, it is thought to influence
the breakdown voltage as well.

Thus, it was found that the breakdown voltage performance
of'the vertical diode cannot be accurately evaluated by vary-
ing only the distance h.

Therefore, the inventors came up the idea of evaluating the
breakdown voltage by introducing two indices of (€,-h)/d and
€/d in consideration of the material (dielectric constant €,)
or the thickness d of the protective film 16 as well as the
distance h.

FIG. 3 is a graph showing the dependency of the break-
down voltage on (€,h)/d. As shown in FIG. 3, the breakdown
voltage increases in direct proportion to the index of (E,-h)/d
in all samples, and the inclination hardly varies with the
samples. Therefore, it is found that the breakdown voltage of
the vertical diode can be more accurately evaluated by the
index of (€, h)/d. As is clear from FIG. 3, a breakdown
voltage of 1200 V or more can be obtained when (€,-h)/d=4,
and a high breakdown voltage performance as designed can
be achieved.

However, it is not sufficient to evaluate the breakdown
voltage only by the index of (€;-h)/d. This is because when
the protective film 16 is too thick for the dielectric constant
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€., the effect of reducing the concentration of the electric
field due to the field plate structure is reduced even if (E-h)/
d=4 is satisfied.

The dependency of the breakdown voltage on €./d was
measured. FIG. 5 is a graph showing the measurement result.
The diamond plot shows the case of h=0.5 and d=0.4, the
square plot shows the case of h=1.0 and d=1.0, and the tri-
angle plot shows the case of h=1.4 and d=1.4. As shown in
FIG. 5, when €/d=3, the breakdown voltage is about 1200V,
and a high breakdown voltage performance as designed can
be achieved. When €/d is smaller than 3 (1/um), the break-
down voltage is decreased below 1200 V. In both cases of the
square plot and the triangle plot, (€,-h)/d=4, and (€,-h)/d=4 is
satisfied. However, in the case of the square plot, the break-
down voltage is about 1200V as designed, and the breakdown
voltage as designed is achieved. On the contrary, in the case of
the triangle plot, the breakdown voltage is about 1020V, and
the breakdown voltage as designed cannot be obtained. It is
found from this result that only condition of (€,h)/d is not
sufficient as the index to evaluate the breakdown voltage, and
the breakdown voltage must be evaluated, considering con-
dition of €/d in addition to condition of (€,h)/d.

From the above experimental data, it was found that the
breakdown voltage can be accurately evaluated by using two
indices of (€,-h)/d and €/d, and a high breakdown voltage
performance as designed can be achieved when (€,-h)/d=4
and €/d=3 are satisfied. It was also found from the experi-
mental data that the distance h can be reduced because the
thickness d can be reduced by using a high dielectric contact
material such as HfO, as the protective film. If the distance h
can be reduced, the time and the difficulty of forming the step
15 can be respectively shortened and reduced.

Embodiment 2

FIG. 7 shows the configuration of a vertical trench gate
MOSFET according to Embodiment 2. The vertical trench
gate according to Embodiment 2 comprises a substrate 20, an
n-layer 21 of n-GaN formed on the substrate 20, a p-layer 22
of p-GaN formed on the n-layer 21, and a high concentration
n-layer 23 of n-GaN formed on the p-layer 22. It also has a
trench gate. That is, a trench 24 extending from the surface of
the high concentration n-layer 23 (the surface opposite the
surface of the p-layer 22) through the p-layer 22 to the n-layer
21 is formed. A gate insulating film 25 is formed so as to
continuously cover the vicinity of an opening of the trench 24
on the surface of the n-layer 23, a side surface and a bottom
surface of the trench 24. A gate electrode 26 is formed in
contact with the gate insulating film 25 inside the trench 24.

On the surface of the high concentration n-layer 23, a
trench 27 is formed so as to reach the p-layer 22, and a source
electrode 28 is provided in contact with both the high con-
centration n-layer 23 and the p-layer 22. Thereby, the source
electrode 28 can appropriately absorb holes from the p-layer
22, and the breakdown voltage is stabilized. On the back
surface of the substrate 20 (the surface opposite the surface on
which the n-layer 21 is formed), a drain electrode 29 is
formed.

A step 30 is formed along an outer circumference of the
device of the vertical trench gate MOSFET according to
Embodiment 2. A mesa of the device is formed by the step 30.
The step 30 may be a trench having two steps on the both sides
of the trench. The step 30 has a depth extending from the
high-concentration n-layer 23 to the n-layer 21. On the side
surface of the step 30, a junction interface between the n-layer
21 and the p-layer 22 and a junction interface between the
p-layer 22 and the high-concentration n-layer 23 are exposed.
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The vertical trench gate MOSFET according to Embodi-
ment 2 additionally has a field plate structure. The field plate
structure comprises a protective film 31 and a field plate
electrode 32. The protective film 31 is formed so as to con-
tinuously cover the bottom surface 305 and the side surface
30a of the step 30, and the vicinity of the side surface 30a of
the step 30 which is the surface of the high-concentration
n-layer 23. The field plate electrode 32 is formed so as to
continuously cover the bottom surface 3056 and the side sur-
face 30a of the step 30, and the surface of the high-concen-
tration n-layer 23 via the protective film 31 on, and in contact
with the source electrode 28.

The structure of the vertical trench gate MOSFET accord-
ing to Embodiment 2 will be described in detail below.

The high-concentration n-layer 23 has a high n-type impu-
rity concentration so as to obtain a good ohmic contact with
the source electrode 28. For example, the impurity concen-
tration is 1.0x10"®/cm’ to 1.0x10°%cm?. The p-type impurity
concentration of the p-layer 22 is lower or equal to the n-type
impurity concentration of the high concentration n-layer 23,
e.g. the p-type impurity concentration is 1.0x10"7/cm? to
1.0x10*°/cm>. The n-type impurity concentration of the
n-layer 21 is lower than the p-type impurity concentration of
the p-layer 22, e.g. the n-type impurity concentration is 1.0x
10"/ecm® to 1.0x10'7/cm®. Since the high-concentration
n-layer 23, the p-layer 22, and the n-layer 21 are designed so
as to have such impurity concentration, almost all of a deple-
tion layer expands from a pn-junction interface 33 between
the p-layer 22 and the n-layer 23 to the n-layer 21. Designing
such impurity concentration reduces the influence on the
breakdown voltage performance by the structures of the
p-layer 23, the p-layer 22, and the n-layer 21, and facilitates
the breakdown voltage design of the vertical trench gate
MOSFET according to Embodiment 2.

The substrate 30, the source electrode 28, and the drain
electrode 29 may have the same structure and its variation
structure as the substrate 10 and the n electrode 13 of Embodi-
ment 1. In Embodiment 2, the trench 27 is formed so that the
source electrode 28 is in contact with both the high-concen-
tration n-layer 23 and the p-layer 22. However, the source
electrode 28 may be in contact only with the high-concentra-
tion n-layer 23, or an electrode for absorbing holes from the
p-layer 22 may be separately formed in addition to the source
electrode 28, in contact with the p-layer 22.

The gate insulating film 25 may be formed of any material
aslong as it is insulating, e.g. SiO,. The gate electrode 26 may
be formed of any material as long as it is conductive, e.g. Al,
Ai, Au, TiN, and polysilicon.

The step 30 and the field plate structure have the same
structure of the step 15 and the field plate structure of
Embodiment 1. Its variation examples are applicable as well.
Particularly, the step 30 and the field plate structure are
formed so as to satisfy (€,h)/d=4 and € /d=3. However, the
pn junction interface 33 at which a depletion layer most
expands from the p-layer 22 to the n-layer 21 of the pn
junction interfaces 33 and 34 is defined as the datum for
distance h and thickness d. The distance h and the thickness d
are defined with the pn junction interface 33 as a datum, as in
Embodiment 1.

The above described vertical trench gate MOSFET accord-
ing to Embodiment 2 has a high breakdown voltage perfor-
mance same as the pn diode according to Embodiment 1
because the step 30 and the field plate structure are formed so
as to satisty (€,h)/d=4 and € /d=3.

Although the Embodiments 1 and 2 disclose a vertical
semiconductor device of Group III nitride semiconductor, the
present invention can be applied to a vertical semiconductor
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device formed of Group IV semiconductor such as SiC and Si,
Group II-VI semiconductor, Group III-V semiconductor such
as GaAs and GaP, and organic semiconductor other than
Group I1I nitride semiconductor.

Although Embodiment 1 is a vertical diode, and Embodi-
ment 2 is a vertical trench gate MOSFET, the present inven-
tion can be applied to a semiconductor device having a ver-
tical pn junction and any structure in which the pn junction
interface is exposed on the side surface of the step. The
present invention also can be applied to, for example, a pn
diode, PIN diode, FET, and bipolar transistor. Moreover, the
present invention can be applied to not only the vertical type
but the horizontal type semiconductor device.

Other conventional structure for improving the breakdown
voltage can be further combined with the field plate structure
of the present invention.

The present invention can be applied to any semiconductor
device having a vertical pn junction, and can be employed in,
for example, a high frequency device or a power device.

What is claimed is:

1. A vertical trench gate MOSFET device, comprising:

a substrate comprising an n-type conductive n-GaN;

an n-layer comprising an n-type conductive n-GaN formed
on the substrate;

ap-layer comprising a p-type conductive p-GaN formed on
the n-layer;

a gate trench extending to the n-layer;

a gate insulating film formed so as to continuously cover a
vicinity of an opening of the gate trench, a side surface
and a bottom surface of the gate trench;

a gate electrode formed in contact with the gate insulating
film inside the gate trench;

a source electrode for the p-layer;

adrain electrode formed on a back surface of the substrate;

apn junction interface formed between the p-layer and the
n-layer;

a step formed at an outer circumference of the n-layer and
the p-layer, and in which a side edge of a pn junction
interface is positioned on a side surface of the step;

a dielectric protective film formed so as to continuously
cover the side surface of the step and a bottom surface of
the step; and

a field plate electrode comprising a conductive material
formed so as to continuously cover the side surface of
the step and the bottom surface of the step on the pro-
tective film,

wherein, when a distance (h,-d,) obtained by subtracting a
thickness d, of the protective film on the bottom surface
of'the step from a height difference h, between the bot-
tom surface of the step and the pn junction interface, the
thickness d,, being a thickness perpendicular to the bot-
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tom surface and a smallest thickness in an area on the
bottom surface, is defined as h (um), a dielectric constant
of the protective film is defined as €, and a shortest
distance from the side edge of the pn junction interface
to an interface between the protective film and the field
plate electrode is defined as d (um), the h (um), and the
d (um) are values within an area commonly satisfied
with four conditions that (€,-h)/d is 4 or more, € /d is 3
(1/um) or more, h is 0.5 (um) or more, and d is h/2(um)
or more, and a breakdown voltage of the vertical trench
gate MOSFET is 1200 V or more wherein the MOSFET
device further comprises a high n-type impurity concen-
tration layer comprising an n-type conductive n-GaN
connected to the p-layer and the source electrode; and
wherein the MOSFET device further comprises a source
trench extending from a surface of the high n-type impu-
rity concentration layer to the p-layer, and the source
electrode is contacted with the p-layer through the
source trench.

2. The vertical trench gate MOSFET device according to
claim 1, wherein the h (um) and the d (um) are values within
an area also satisfied with a conditions that h/d is 0.5 or more.

3. The vertical trench gate MOSFET device according to
claim 1, wherein a breakdown voltage increases in a direct
proportion to an index of (€,-h)/d so as to be within a range of
1200V or more.

4. The vertical trench gate MOSFET device according to
claim 1, wherein the high n-type impurity concentration layer
comprises the n-type impurity concentration of 1.0x10*%/cm?
to 1.0x10?°/cm? and the p-layer comprises any p-type impu-
rity concentration which is lower or equal to the n-type impu-
rity concentration of the high n-type impurity concentration
layer and is in a range of 1.0x10""/cm? to 1.0x10*%cm?.

5. The vertical trench gate MOSFET device according to
claim 3, wherein the high n-type impurity concentration layer
comprises the n-type impurity concentration of 1.0x10*%/cm?
to 1.0x10?°/cm? and the p-layer comprises any p-type impu-
rity concentration which is lower or equal to the n-type impu-
rity concentration of the high n-type impurity concentration
layer and is in a range of 1.0x10""/cm? to 1.0x10*%cm?.

6. The vertical trench gate MOSFET device according to
claim 1, wherein a thickness of the protective film at the side
edge of the pn junction interface on the side surface of the step
is smaller than the thickness of the protective film at the
bottom surface of the step.

7. The vertical trench gate MOSFET device according to
claim 4, wherein a thickness of the protective film at the side
edge of the pn junction interface on the side surface of the step
is smaller than the thickness of the protective film at the
bottom surface of the step.
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